Abstract. Flavonoids have been demonstrated to provide health benefits in humans. Baicalein (5,6,7-trihydroxyflavone) is a phenolic flavonoid compound derived mainly from the root of Scutellaria baicalensis Georgi, a medicinal plant traditionally used in oriental medicine. Baicalein is widely used in Korean and Chinese herbal medicines as anti-inflammatory and anticancer therapy. However, the molecular mechanisms of its activity remain poorly understood and warrant further investigation. This study was performed to investigate the anticancer effect of baicalein on HCT116 human colon cancer cells and the tumor preventing capacity of baicalein on colitisassociated cancer in mice. In in vivo experiments, we induced colon tumors in mice by azoxymethane (AOM) and dextran sulfate sodium (DSS) and evaluated the effects of baicalein on tumor growth. Baicalein treatment on HCT116 cells resulted in a concentration-dependent inhibition of cell growth and induction of apoptotic cell death. The induction of apoptosis was determined by morphological changes and cleavage of poly(ADP-ribose) polymerase. Baicalein also suppressed the activation of NF-κB through PPARγ activation. These results indicate that the anti-inflammatory effects of baicalein may be mediated through PPARγ activation. Finally, administration with baicalein significantly decreased the incidence of tumor formation with inflammation. Our findings suggest that baicalein is one of the candidates for the prevention of inflammation-associated colon carcinogenesis.
Introduction
Colorectal cancer (CRC) is a malignant neoplasm arising from the lining of the large intestine (colon and rectum). CRC is the third most common malignancy and one of the major causes of cancer-related death in the United States (1). Colitis-associated cancer (CAC) is the type of colon cancer which is preceded by clinically detectable inflammatory bowel disease (IBD), such as Crohn's disease (CD) or ulcerative colitis (UC) (2) . IBD results from the inappropriate and ongoing activation of the mucosal immune system, and this is driven by the presence of normal luminal flora. As many as 1.4 million persons in the United States and 2.2 million persons in Europe suffer from these diseases (3). The incidence of IBD in Korea has increased significantly over the past few decades. In case of prevalence for UC in South Korea, it was quadrupled from 7.57/10 5 individuals in 1997 to 30.9/10 5 individuals in 2005. Adjusted prevalence rates of CD and UC per 10 5 individuals were 11.2 and 30.9, respectively (4). In case of incidence of IBD in Japan, the number of patient is increased with time. The age-standardized prevalence of UC in Japan in 2005 was 63.6/10 5 individuals, and that of CD was 21.2/10 5 individuals. Incidence rate of UC and CD are higher than South Korea. The prevalence of inflammatory bowel diseases is much lower in Asian countries, including Japan and Korea, than in Western countries, but it is rapidly increasing (5) . Chronic IBD such as UC and CD cause colitis-associated colon cancer.
Peroxisome proliferator-activated receptors γ (PPARγ), which belongs to the nuclear receptor superfamily, is a ligand-activated transcription factor that forms heterodimer with retinoic X receptor (RXR) and stimulates expression of target genes. It is expressed in various tissues and cell types, including those from the pancreas, liver, kidney, adipose tissue and colon (6) . Further, several lines of evidence indicate that PPARγ plays an important role in regulating inflammatory responses in the intestine (7) . PPARγ and its activators are known as important modulators having anti-inflammatory properties that can modulate nuclear factor-κB (NF-κB) activation. Rosiglitazone, PPARγ activator, was tested in clinical trials and was found to be effective in the treatment of UC (8) . Dietary punicic acid ameliorates intestinal inflammation by activation of PPARγ in mice (9) . Previous studies have provided evidence that PPARγ can inhibit inflammatory gene expression by several mechanisms, including competition for a limiting pool of co-activators, direct interaction with NF-κB, p65 and p50 subunits, modulation of p38 mitogen-activated protein kinase (MAPK) activity, and partitioning the co-repressor B cell lymphoma-6 (BCL-6) (10). So use of PPARγ agonists could be beneficial in inflammation related diseases such as IBD.
Baicalein (5,6,7-trihydroxyflavone, Fig. 1 ) one of four major flavonoids found in Scutellaria baicalensis Georgi, is widely used in Chinese herbal medicine and has been used in various inflammatory diseases and ischemia (11) . Treatment with baicalein has been reported to attenuate endothelium intimal hyperplasia by inhibiting inflammatory signaling pathways involving extracellular signal-regulated kinase (ERK), Akt and NF-κB activities in vascular smooth muscle cells (12) . Baicalein attenuates the radiation-induced inflammation process in mouse kidney by modulation of NF-κB and Forkhead family of transcription factors (FOXOs) (13) . It has been shown that baicalein has an inhibitory effect on colorectal cancer (14) . Baicalein also enacts anticancer activity by inhibiting platelet-type 12-lipoxygenase (12-LOX), which has been shown to regulate growth, metastasis and angiogenesis in prostate cancer (15) . The above accumulating evidence demonstrates that biacalein possesses potent anticancer and anti-inflammatory activities.
However, knowledge of the protective role of baicalein in colon cancer on the expression and regulation of apoptosis and inflammatory mediators associated with colon cancer is still unknown. Hence, in the present study we aimed to evaluate the chemopreventive effects of baicalein on human colon cancer cells and AOM/DSS-induced colitis-associated colon cancer in mice. We demonstrate that baicalein is a potent chemopreventive and anti-inflammatory agent that may act through the activation of PPARγ to inhibit NF-κB activation in colon cancer.
Materials and methods

Chemicals.
Baicalein was purchased from Sigma-Aldrich Co. (St. Louis, MO). Baicalein was freshly prepared before each experiment and was solubilized with dimethylsulfoxide (DMSO). The final concentration of DMSO in the medium was less than 0.1% (vol/vol) in the treatment range (25-100 µM) and showed no influence on cell growth (data not shown).
Cell culture and cell viability assay. The human colorectal cancer HCT116 cells were cultured in RPMI-1640 (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS, HyClone), 2 mM glutamine (Sigma-Aldrich), 100 U/ml penicillin (HyClone) and 100 µg/ml streptomycin (HyClone) at 37˚C in a humidified 5% CO 2 . Cell viability was determined by MTT assay. For the MTT assay, HCT116 cells were seeded in a 24-well culture plate at a density of 4x10 4 cells/well, cultured for 24 h in the growth media and then treated with or without baicalein for the indicated concentrations. The cells were incubated with 0.5 mg/ml MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma-Aldrich) at 37˚C for 2 h. The formazan granules generated by the live cells were dissolved in DMSO and the absorbance at 540 nm was monitored by using a multi-well reader.
Western blot analysis. The cells were treated under the appropriate conditions, harvested, washed with cold PBS and then lysed in lysis buffer [40 mM Tris (pH 8.0), 120 mM NaCl, 0.5% NP-40, 0.1 mM sodium orthovanadate, 2 µg/ml aprotinin, 2 µg/ml leupeptin and 100 µg/ml phenymethylsulfonyl fluoride (PMSF)]. The supernatant was collected and protein concentrations were measured (Pierce, Rockford, IL). Protein extracts were denatured by boiling at 100˚C for 5 min in sample buffer (0.5 M Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 0.1% bromophenol blue, 10% β-mercaptoethanol). Equal amount of the total proteins were subjected to 6-15% SDS-PAGE and transferred to PVDF. The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline with Tween-20 buffer (TBS-T) (20 mM Tris, 100 mM NaCl, pH 7.5 and 0.1% Tween-20) for 1 h at room temperature. Then, the membranes were incubated overnight at 4˚C with the primary antibodies. The membranes were washed once for 10 min with 4X TBS-T buffer and incubated for 1 h with horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobin (Santa Cruz Biotechnology Inc., Santa Cruz, CA). The membranes were washed again for 10 min with 1X TBS-T buffer. Antigen-antibody complexes were detected by the enhanced chemiluminescence (ECL) detection system (GE Healthcare Biosciences, Pittsburgh, PA).
Cell motility assay. HCT116 cells were grown to confluence on 35-mm cell culture dishes at 90% confluence, wounded with a 200-µl pipette tip, and marked at the injury line. After washing with phosphate-buffered saline (PBS), serum-free media (to prevent cell proliferation) containing either vehicle (DMSO) or various concentrations of baicalein was added for the indicated times. Wound closure of cells was observed and photographed under the microscope at x50 magnification.
In vitro migration assay. The migration capacity of HCT116 cells was determined using a modified 24-well Boyden chamber (8-µm-pore size) (Corning, Tewksbury, MA). The cells were seeded at a density of 6x10 4 cells in 100 µl serumfree medium to the upper compartment of the Transwell and incubated in lower chamber containing either DMSO or baicalein for 24 h at 37˚C in 5% CO 2 . Cells that did not penetrate the filter were completely wiped off with cotton swabs, and cells that had migrated to the lower surface of the filter were fixed with methanol. The cells were then stained with methylene blue and eosin and observed under a phase contrast microscope and photographed at x50 magnification.
Gelatin zymographic analysis of secreted MMPs. Following incubation with baicalein, cell culture supernatants were collected and centrifuged at 400 x g for 5 min. Cell-free supernatant was mixed with 2X sample buffer (Invitrogen, Carlsbad, CA) and zymography was performed using precast gels (10% polyacrylamide and 0.1% gelatin). Following electrophoresis, gels were washed twice at room temperature for 30 min in 2.5% Triton X-100, and subsequently washed in buffer containing 50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl 2 , 1 µM ZnCl 2 , and 0.02% NaN 3 at pH 7.5, and incubated in this buffer at 37˚C for 24 h. Thereafter, gels were stained with 0.5% (w/v) Coomassie brilliant Blue G-250 (Bio-Rad, Hercules, CA) for 1 h, then lightly destained in methanol:acetic acid:water (3:1:6). Clear bands appeared on the Coomassie stained Blue background in the areas of gelatinolytic activity. Gels were scanned and images were processed for extraction of the blue channel signal, which converted it to black and white.
Animal study. The animal protocol used in this study was reviewed by the Pusan National University-Institutional Animal Care and Use Committee (PNU-IACUC, Busan, Korea) on the ethics of animal procedures and scientific care, were approved. Five-week-old male ICR mice were purchased from Samtako Co., Ltd. (Osan, Korea). All animals were housed in plastic cages (4 mice/cage) and had free access to drinking water and a basal diet (Formula M07; Feed lab) under controlled conditions of humidity (50±10%), light (12/12 h light/dark cycle), and temperature (~23˚C). After arrival, the animals were quarantined for the first 7 days, and then randomized by body weights into experimental and control groups. A colonic carcinogen AOM was purchased from Sigma-Aldrich. DSS with a molecular weight of 36,000-50,000 (cat. no. 160110) was purchased from MP Biomedicals, LLC (Aurora, OH). For the induction of colitis, DSS was dissolved in water at a concentration of 1.5% (w/v). Experimental groups included group 1 (control group, n=6); group 2 (n=8) was treated with AOM and DSS; groups 3-5 (n=8 for each group) were treated with AOM, DSS and baicalein (1 mg/kg for group 3, 5 mg/kg for group 4, 10 mg/kg for group 5). Mice in groups 2-5 were given a single intraperitoneal injection of AOM (10 mg/kg body weight). Starting 1 week after the injection, animals received 1.5% DSS in the drinking water for 7 days. Subsequently, groups 3-5 received the diets containing 1, 5 and 10 mg/kg baicalein for 16 weeks, respectively. All animals were sacrificed at week 16 after administration of baicalein. At sacrifice, complete necropsies were done on all mice. Histopathological examination was performed on paraffin-embedded sections after hematoxylin and eosin (H&E) staining.
Statistical analysis.
Results are expressed as the mean ± SD of three separate experiments and analyzed by Student's t-test. Means were considered significantly different at * p<0.05 or ** p<0.01.
Results
Baicalein reduces the viability of HCT116 cells. To investigate the effects of baicalein on the viability of HCT116 cells, the MTT assay was performed. As shown in Fig. 2A , cell viability was significantly decreased by treatment of baicalein in a concentration-dependent manner. The concentrations required for half-maximal inhibition (IC 50 ) of the cells were about 100 µM for HCT116 cells after 24 h and about 50 µM after 48 h. Treatment with baicalein for 24 h showed distinct morphological changes compared with control (Fig. 2B ). They were rounded and more dispersed with aggregation in a concentration-dependent manner.
Baicalein induces apoptosis in HCT116 cells. To investigate whether the growth inhibitory effects of baicalein were due to the induction of apoptosis in HCT116 cells, morphological changes of cellular structures were assessed with Hoechst 33342 staining. As shown in Fig. 3A , nuclei with chromatin condensation and formation of apoptotic bodies, which are characteristics of apoptosis, were seen in cells cultured with baicalein in a concentration-dependent manner, whereas the control cells maintained their nuclear structure intact. During apoptotic process, caspases play major roles in both the intrinsic and extrinsic pathways. Thus, the levels of caspase-3, -8 and -9 were investigated in order to determine whether caspases are associated with baicalein-induced apoptosis in HCT116 cells. Treatment with baicalein showed decreased pro-caspase-3 and -8 levels and induced cleavage of PARP (Fig. 3B) . These results indicated that growth inhibitory effects of baicalein were due to the induction of apoptosis in HCT116 cells.
Baicalein suppresses the NF-κB activity through the PPARγ activation.
PPARγ agonists can inhibit the activities of signal dependent transcription factors, such as NF-κB. This function could contribute to the anti-inflammatory actions of PPARγ. To verify whether baicalein modulates the NF-κB activity through the PPARγ activation, western blot analysis was performed and expression levels measured of NF-κB-related protein.
Treatment of baicalein induced PPARγ activation and inhibited pIκBα, p50, p65 and iNOS levels (Fig. 4) . These results suggested that NF-κB activity was suppressed through PPARγ activation by baicalein treatment in HCT116 cells.
Baicalein suppresses migration.
To determine whether or not biacalein inhibits migration of HCT116 cells, wound-healing experiments were performed. Results demonstrated that 50 µM of baicalein for 24 h, which was not cytotoxic, as shown by the MTT assay, delayed the migration of HCT116 cells compared to that of control cells (Fig. 5A) . Using a Boyden chamber migration assay, we next examined the question of which baicalein decreases the activity of cell migration. As shown in Fig. 5B , treatment of cells with 50 µM of baicalein markedly reduced cell invasion through the Matrigel chamber. Because cell migration plays an important role in the metastasis process, and migration of the basement membrane is primarily mediated by gelatinase matrix metalloproteinases (MMPs), we tested the effects of baicalein on MMP gelatin zymography. Treatment of baicalein reduced the expression of the MMP-2 and -9 activities (Fig. 5C ). These results suggested that the anti-migration effect of baicalein is associated with inhibition of MMP-2 and -9 activities in HCT116 cells.
Baicalein inhibits AOM/DSS-induced colitis and tumorigenesis.
The AOM/DSS model is a widely used inflammation-associated colon cancer model in rodents. The antitumor activity of dietary administration of baicalein on AOM/DSS-induced tumorigenesis was evaluated. The study protocol is summarized in Fig. 6A . During the experiments, feeding the mice with the three different doses of baicalein-containing diets did not produce any observable clinical toxicity or significant changes in body weight compared to control (Fig. 6B) . But colon length was recovered by administration of baicalein in a dose-dependent manner compared to the control (Fig. 6D) . Macroscopically, colonic tumors developed in the mice of groups 2 through 5 with different incidence rate and multiplicity ( Fig. 6C and E) . Group 2 (AOM/DSS group) had mainly adenocarcinoma (ADC, Fig. 6F ) with a multiplicity of 2.67±1.03. The incidence of ADC in groups 3-5 was less than that of group 2 and the multiplicity of ADC in groups 3-5 is 1.63±0.69, 1.25±0.24 and 0.88±0.41, respectively. The multiplicity of colonic ADC in groups 4 and 5 was significantly smaller than group 2 (p<0.01) (Fig. 6E) . In H&E staining, group 2 (AOM/DSS group) animals showed increased tissue inflammation, but administration of baicalein reduced tissue inflammation compared to control dose-dependently (Fig. 6F ).
Discussion
In this study, we found concentration-dependent cell growth inhibition in response to baicalein in HCT116 cells, in accordance with previous research in bladder cancer (16) . Cell growth was maximally inhibited by the treatment of 100 µM baicalein. The concentrations of 50% inhibition of tumor proliferation range between 20 and 200 µM, depending on the type of tumor cells tested.
Baicalein is a natural plant flavone originally isolated from the roots of Scutellaria baicalensis. This compound exhibits various biological effects, including anti-inflammatory (17) and antitumor activity (18) . Although Scutellaria has been shown to have almost no or very low toxicity to animals and humans (The grand dictionary of Chinese herbs, 1977). So far, baicalein, at doses that are toxic to malignant cells have been shown to have no or very little toxicity to normal myeloid cells (19) and also no effect on the viability of normal human prostate epithelial cells (20) . In contrast, baicalein has been shown to inhibit growth of various human cancer cell lines (21, 22) . Baicalein also possesses a direct cytotoxicity to a large panel of human malignant cell lines by inducing apoptotic cell death. Oral administration of 20 mg/kg baicalein was also shown to inhibit growth of established prostate tumors by approximately 55% (23) . These data demonstrate that baicalein has therapeutic potential against cancers.
Apoptosis is an important process required for homeostasis. Apoptosis occurs through two broad pathways: the intrinsic pathway and extrinsic pathway (24) . To clarify whether the effect on cell growth inhibition was due to apoptosis in colon cancer cells, we performed morphological experiments and western blot analysis after treatment of baicalein for 24 h. Treatment with baicalein decreased the expression levels of pro-caspase-3 and -8, and induced cleavage of PARP. Thus, it involved the extrinsic pathway to induce apoptosis.
The PPARγ agonists affect cell proliferation, differentiation, and apoptosis in a PPARγ-dependent and/or -independent manner, and thereby represent a potentially important family of therapeutic compounds for cancer treatment. Many studies Figure 5 . Inhibition of migration by baicalein in HCT116 cells. (A) Cells were grown to confluence on 35 mm cell culture dishes; a scratch was then made through the cell layer using a pipette tip. After washing with PBS, serum-free media (to prevent cell proliferation), containing either vehicle or baicalein, was added for 24 h. Photographs were taken for evaluation of cell movement into the wounded area. (B) For the migration assay, cells pre-incubated with various concentrations of baicalein were plated onto the upper wells of the chamber. FBS (10%) was added to the lower wells for 24 h to induce cell migration. After 24 h, cells on the bottom side of the filter were fixed, stained and counted. Migration was assessed by counting migrated cells in five microscopic fields per well at x320 magnification. (C) After incubation with baicalein for 24 h, medium was collected, and the activity of MMP-2 and -9 was measured by zymography. Con, control.
show that PPARγ agonists such as thiazolidinedione have anti-tumorigenic properties in colorectal cancer by increasing the expression of tumor suppressor genes (25) . Activation of PPARγ results in anti-inflammatory effects in several cell types, including smooth muscle cells, endothelial cells. PPARs act as anti-inflammatory agents by interfering with the transcriptional pathways involved in inflammatory responses, such as the modulation of NF-κB signaling. NF-κB is the key transcriptional factor for synthesis of pro-inflammatory mediators, including iNOS, COX-2 and TNF-α. NF-κB also plays central roles in carcinogenesis and inflammation, and thus it is one of the molecular targets of cancer chemoprevention and therapy (26) . NF-κB activation is reported to be involved in colon carcinogenesis and certain NF-κB inhibitors are able to suppress cancer development in these tissues (27) . Treatment of HCT116 cells with baicalein resulted in increase in the expression of PPARγ in a concentration-dependent manner and baicalein inhibited p50, p65 and iNOS levels concentration-dependently. Baicalein not only directly affects NF-κB transcription factors but also affects invasion and migration signaling molecules such as MMP-2 and MMP-9 (28). Treatment with baicalein inhibited cell migration through inhibiting, respectively, MMP-2, MMP-9 expression concentration-dependently as detected by gelatin zymography assay. Therefore, baicalein have effective anti-metastatic activity for the treatment of colon cancer by inhibiting the expression of MMP-9 and MMP-2, thus blocking cell migration and invasion pathways. Baicalein is a potent PPARγ activator that inhibits NF-κB and mediates inflammatory responses in colon cancer cells.
Accumulative evidence has shown a significant association between deficiency of PPARγ and IBD (29) . In addition, activation of PPARγ attenuated the inflammation in the gut (30) . These results suggested that colonic PPARγ may be a promising therapeutic target in patients suffering from IBD. In this study chemopreventive ability of baicalein at 3 different dose levels (1, 5, 10 mg/kg in diet) using inflammation-induced colon carcinogenesis model in mice were assessed. All doses of baicalein suppressed colonic inflammation and reduced the tumor incidence induced by AOM/DSS in a dose-dependent manner.
In conclusion, our findings indicate that the flavone, baicalein, being a major constituent of the Scutellaria baicalensis Georgi is one of the good candidates with multiple targets for cancer chemoprevention in colon related to inflammation associated-carcinogenesis.
